UNCLASSIFIED 


_ AD  NUMBER _ 

AD495345 

LIMITATION  CHANGES 
TO: 

Approved  for  public  release;  distribution  is 
unlimited.  Document  partially  illegible. 


FROM: 

Distribution  authorized  to  U.S.  Gov't,  agencies 
and  their  contractors ; 

Administrative/Operational  Use;  09  MAY  1951. 
Other  requests  shall  be  referred  to  Office  of 
Naval  Research ,  875  North  Randolph  Street , 
Arlington,  VA  22203-1995.  Document  partially 
illegible . 


_ AUTHORITY 

ONR  ltr  dtd  26  Oct  1977 


THIS  PAGE  IS  UNCLASSIFIED 


THIS  REPORT  HAS  BEEN  DELIMITED 
AND  CLEARED  FOR  PUBLIC  RELEASE 
UNDER  DDD  DIRECTIVE  5200,20  AND 
NO  RESTRICTIONS  ARE  IMPOSED  UPON 
ITS  USE  AND  DISCLOSURE. 

DISTRIBUTION  STATEMENT  A 

APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED, 


AD495345 


$ 

I 

$ 


TECHNICAL  MEHORASDUi--  NO,  3 


PHYSICAL  PHENOMENA  AFFECTING  THE  DYNAMIC  BEHAVIOR  3F  FINS 


BY 


j:?3Sph  a.  crif.ov/icK,  jr 


PREPARED  CJNOT’R  COATS’..  ,CT  KC-0NR-P5129 
;wi>- o4i-u3; 

*  PO’I 

OFFICE  or-  NAV  L  HE6EABCH 


y  j  /t i . »; :  ca  s-aiN.  r  inc  yjacu*.  nc. 
.3 r.  Fora  ;/r;:7cs.3KY 
•  : ;  .it; .  .  am  •:  .  • 


f  ,  iM 


y.i'i  s. 


co6*)  n 


I 


a.  agatea. 

TMs  memorandum  can  ts  considered  an  ertersion  of  lach- 
nienl  Meciorandum  No.  2.  In  tnot  mooo  *e  discussed  stubillza- 
tion  by  fins,  postulating  an  "loculi  "  cast-  anc  n  "nor»- 
lueallaed"  case,  i.i©  nan-idealized  c:.se  v.s  -is ’-nod  Ir  order 


to  ta’-.e  into  account  certain  effects  ne  rioete-.;  i:  the  ideal 
case.  Specifically,  **  noted  that  ?n  '-ractice  q nations 

describing  the  lift  .nd  an nent  cf  the  fins:  (1)  certain 
non -conotant  parameters  (e»g- ,  varies  a3  v-)f  (  : had  cer¬ 
tain  non-linearities  (e  j,  *  finite  number),*  r, .  (3)  had 

certain  higher-order  terv.s  prnrloujly  \ c>p  :ctu;1  the 

so-callec  "frequ  no;  efforts"). 

In  this  menorar.  iuc  vs  will  ecus  it ^  in  *ro  -  tor  t--  il 


tlte  physical  phenom  na  or  !Ci  is;3"  nu.  of  -/  lefc  h  •*  al  -jvc-* 

non  tinned  "effects"  arise. 


Ore  would  *rr1,re  at  toe  "idea  i.:  ?c"  case  cf  rtenn  2  by 


usirit  the  classic  theory  of  air-fo  ls  in  steady  motion  in 
ar  unbour  led  medium;  by  assuains  tho  ship's  velocit:,  to  no 
always  the  same*  by  assuming  that  the  capacity  of  the  system 


is  never  exceeded;  and  by  making  a  one-degree-of 'freedom 
assumption  for  the  ship  (vhlch  last  will  not  be  commented 
on  in  this  memo),  *le  will  discuss  four  complications  or 
additional  phenomena,  which  affect  the  actual  dynamic  be¬ 
havior  of  fins: 

1.  The  Velocity  Effect 
2*  The  Free -Surface*  Effort 
3,  Cavitation  Effects 
4„  Unsteady  Motion  Effects 


II. 


THIS  VELOCITY  EFFECT 


This  phenomenon  is  very  simple  physically.  It  only 
has  importance  because  of  tho  clored-loop  type  control 
being  used,  We  have  tho  following  situation.  Within  the 
working  range  of  the  fins, 


L  *  0,  (ft  V*/2)kT*a  -  kC  V2 


(1) 


Thus. 


*  k 


(2) 


This  means  that  the  gain  of  the  fins  varies  33 


v2 


% 


Now  a  high-performance  closed-loop  system  is  always  quite 
sensitive  fce  gain.  Thus  the  variation  vbovo  nuat  to  com¬ 
pensated  Tor,  vhon  tho  ship  changes  spood,  If  the  range 
of  operating  speeds  is  large,  fc!  is  adjustment  become ^  sore 
arid  more  difficult. 

The  variation  of  may  net  bo  quite  square  law  with 
speed,  due  to  Heynold's  ncnV-er  effect*  or  cavitation.  Hence 
i :  l'i  dosirrble  to  know  tho  exact  law  of  variation  of  &L 
with  velocity. 


-  k 


ni.  m  ras E-arncE  aaaai 


The  stabilising  fin  of  a  ship  actually  moves  in  a 
fluid  medium  which  has  a  f re 9-surf ace  boundary  in  the  vi¬ 
cinity  of  that  fin,  as  below* 


It  has  been  shown  both  theoretically  and  experimentally 
that  to  a  first  arproxiaotlon,  the  free-3urface  simply  re¬ 
flects  and  inverts  ^ho  load  lines  of  the  foil  to  form  an 

m 

equivalent  biplane  as  above ^  A  comparison  o.  Jlauort!s 
biplane  coefficient  (versus  the  deptn/nhord  ratio)  and  the 
experimentally  determined  lift  of  several  winjs  is  shown  in 
Figure  1,  taxon  from  Cannon r 

Clearly  the  r-tio  dcpth/chord  iculd  be  creator  than 
throe  i  '  free -s^irf ace  affects  arc  x:  be  negligible  Further¬ 
more,  if  tnla  ratio  beoerre s  less  than  1«5  at  ruiy  hire 
as  tne  sh^p  roils  ir  waves)  th?  foil  may  begin  to  v.itilate". 
thac  Is,  to  suck  down  surface  *.ir  intermittently  causing 
the  lift  to  be  erratic,. 


4  For  the  tneory  of  thJs  offset,  see  d,  H,  Cannon, 

"Performance  of  Hydrofoil  Systems',  Scb  Ihesls,  HIT,  19'iO, 
For  experimental  results  which  verify  tho  theory,  see 
for  instance,  K*  £«  Ward  and  N,  3«  land,  HACA  wartime 
deport  L-766,  Sept  19^0 ,  arid  J.  Mft  Ben  a  on  uid  H,  5,  Land, 
HACA  Wartime  Henort  L-7*8 .  3ept  19^2, 


U  » 
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If  hydrofoils  are  operated  under  conditions  such  that 
heavy  cavitation  occurs,  the  center  of  pressure  will  bo  ser¬ 
iously  shifted  and  hence  the  moment  on  the  fins  will  be 

2 

seriously  affected..  Assuming,  on  the  other  hand.,,  that  the 
foils  are  not  seriously  overloaded,  tho  principal  effect  of 
cavitation  is  to  limit  maximum  lift*  and  it  is  this  side 
of  the  question  which  we  will  discuss  here. 

By  definition,  we  say  that  the  cavitation  limit  has 
been  reached,  when  the  minimum  local  pressure  at  any  point 
on  the  foil  is  just  reduced  to  the  vapor  pressure  (J,a„. 
essentially  to  zero),  Thus  cavitation  depends  on  the  pressure 
loading  of  the  foil  and  specifically  nn.._ths  .naak  of  negative 
pressure  loading.  One  feels  intuitively  that  the  chance 
for  cavitation  must  increase  with  greater  total  loading, 
and  with  the  non-uniformity  of  pressure  distribution,,  These 
intuitions  can  bo  made  much  more  precise* 


ho  The  Cav 


aJ&aaJMSS 


A  cavitation  situation  is  most  commonly  chajvn iori^et  by 


the  non-dimensional  scaling  number, 


Cavitation  number  *  Q  =  po  ~  =  pcr 

q  q 


(3) 


+kt\8  is  shown  clearly  In  J.  F*  Allan,  "The  Stabilization 
of  Shins  by  Activated  Fins,"  Ztafl3.f-Jliat n-flayaj. 

7ol,  87,  19^5,  Figure  16,  page  135. 


Where 1 

P0  »  ’’free-stream"  pressure  of  undisturbed  fluid 
p  "  vapor  pressure  of  fluid 

q  =  kinetic  head  *  (p  V^/2) 

* 

Note  that, 

p0  »  pa  ■+/ h  »  (atnoSo  press*)  +  X  (depth)  Of) 

y  ®  specific  weight  of  fluid 


»ov/  to  every  cavitation  jit  nation  and  sea. ling  cf  that 
situation  there  corresponds  a  Q  ■=  ^cr,  at  which  the  cavita¬ 
tion  limit  is  reached*  Unfortunately,  Q  is  yiita  depend¬ 
ent  on  the  geometry  of  the  situation,  and  in  particular  for 
foils,  Q  is  quite  dependant  on  the  angle  of  attack,.  For 
our  purposes  we  would  like  to  find  another  non-dlnencional 
number,  characterizing  cavitation,  which  is  less  dependent 
on  the  angle  of  attack.,  Let  us  make  the  following 
definition* 

Cavitation  index  ~[j  s  L.h„  -  '"t  (o) 

'l  V cr/ 

Again  ve  may  define  fj  at  the  cavitation  limits 

'*r*  vT 

It  is  not  hard  to  convince  oneself  that  jy  ?  is  loss  de¬ 
pendent  on  angle  of  attack  cr  C,.  (which  is  to  say  almost 

i-4 

the  same  thing)  than  is  QQp«  In  fact,  insofar  as  cavita¬ 
tion  depends  on  the  total,  loading,  jR  cr  is  independent  of 
Cp  for  C  equals  nothing  more  or  less  than  the  ratio  of 


\ 


actual  loading  to  allowable  peak  negative  pressure  drop? 
that  is, 

C  s  MftAm  (6) 

Per 

Insofar  as  cavitation  depends  on  the  distribution  of 
pressure,  £J  £&  a  function  of  CL*  Hence 

essentially  characterizes  the  favorablaness  of  the  pressure 
distribution  for  a  given  foil  at  a  given  angle  of  attack* 
This  makes  it  quite  a  useful  number  as  we  shall  sae„  In 
any  event,  given  we  immediately  have  the  critical  load¬ 

ing,  from  aquation  (6)  above, 

( Uf t/Area )cr  S  Per  x  C  cr  (7' 

The  following  manufactured  examples  will  give  a  protty 
good  idea  of  the  values  C  cr  nay  be  expected  to  have  in 
practice* 


1) 


Elo, .  3Loa&al  only  jdJfefc 


t 


i  *  pressure; 


.  But  the  positive  pressure  can  increase  without  Unit  without 
causing  cavitation,  honce  C  „  =  =  eA  , 

Cr  P 

*cr 


7 


2)  Elm  .laaflsfl  ,eaaalls:.,aM. Jml£gaa3x 


-  pressure 


!  VAo  =  ”F 
i  *  cr 


+  pressure  ', 


A  P  35  P,„ 
r  or 


Then  at  the  cavitation  limit.  &p  »  ”  pcp,  and  ,Q  «  2o0„ 
However ,  it  is  well  known  that  the  unde?  surface  of  n  foil 
contributes  little  lift,  so  perhaps  a  more  realistic  case  .1 


3)  gin  .loaded  .uniformly.-  on  J.on  .only: 


Than  at  cavitation  limit,  & p  ~  ~p  ,  and  C  cr  K  ^,.0  »• 
That  this  is  realistic  is  indicated  by  experimentally  de¬ 
termined  values  of  f]  cr,  which  approach  but  almost  never 
exceed  lo0,  even  under  the  roost  optimised  conditions*  If 
the  pressure  distribution  is  not  uniform f  Q  must  come 
down*  Specifically ;  the  pressure  distribution  becomes  leas 
uniform  at  the  very  high,  and  the*  very  low  angles  of  attack* 
Thus  if  we  wi3h  to  operate  a  foil  to  its  separation  limited 
angle  of  attack  we  must  accept  a  Q  of  approximately  0„3» 

w  X 

while  for  very  low  angles  of  attack,  Q  fi  tends  to  -sere 
(naturally) 0 


C  »  Anti -Cavitation  Design .  and  .  the  KaciiJjumbsj  Jinalogv 

The  most  obvious  approach  to  anti -cavitation  design  is 


to  find  symmetrical  foil  sections  which  lead  to  relatively 
uniform  pressure  distributions,  hence  to  higher  (J  cp,  and 
thence  to  higher  allowable  loading «  We  are  greatly  aided 
in  this  search  by  an  interesting  coincidence*  It  happens 
that  the  prediction  of  the  cavitation  ..limit  for  hydrofoils 
is  very  closely  analogous  to  the  prediction  of  the  corny 
ppassibjLlltv  burbla  point  (critical  Mach  number)  for 
airfoils..  Because  of  the  monofconic,  one-one  correspondence 
between  velocity  and  pressure,  anti- burble  sections  must 
have  the  sane  characteristics  as  ontl-cavitati.on  sections, 

tend  to  produce  uniform  pressure  distribution*  Hence, 
one  might  expect  to  find  good  hydrofoil  sections  among  the 
already  developed  anti-burble  sections  of  the  NAG a*  As  a 
matter  of  fact,  NACA  has  already  studied  the  use  of  certain 
of  those  sections  for  hydrofoil  purposes* 

As  a  most  specific  aid,  all  the  information  on  critical 
Mach  number  predig t;Lfflis  in  NACA f 3  useful  compendium  ''Summary 
of  Airfoil  Data"  (NACA  Report  8h-2)  may  bo  converted  over  to 


S£i J&s&L 


jMss  tr  to 


predictions  j  by  one-to-one  relationships,  as  follows., 


d  •  gaKEBi&teuiil^^ 

We  first  define  the  Mach  number  for  the  foil  as. 


speed  of  sound  in  undist 


For  example.  John  Stack,  NACA  Report  ?63,  discusses  the 
NACA  l6-s0ri.es  sections  designed  to  delay  the  compress¬ 
ibility  burble.  J.  M,  Benson  and  N,  3.  Land,  NACA 
Wartime  Report  L-758,  test  one  of  those  sections  as  a 
hydrofoil. 


I 


Define  the  compressibility.  JLUaJUh  a3  the  point  at  which 
the  highest  local  velocity  over  the  foil  just  equals  the 
local  speed  of  sound*  Thon  for  every  compressibility  sit¬ 
uation  there  exists  a  M  =  at  which  the  compressibility 
limit  Is  reached,, 


(speed  of  foil)„_ 

- — I,-  -  SSL 

speed  of  sound 


(9) 


Let  xs  denote  the  highest  local  velocity  over  the  foil  by 
the  quantity  (V  a  £\  V)0  By  definition-  at  the  limit  this 
just  au.als  the  local  speed  of  sound*  If  we  chrfse  to  neg¬ 
lect  the  effect-  of  compressibility  on  ;he  local  speed  of 
sound  ,  vo  would  obtain  the  result, 


•ir 


V  +£v 


_1— 

i  +fj&X) 
V  V  J 


(10) 


Further,  if  we  neglect  compressibility,  we  find  that 

&  V  )  is  a  function  of  “xJL 
/  Q 


V  f 


,  in  fact, 


A  v, 


a  7 


Uiirirr-- 

,  .  j  ; ,  A  P 

t-1  •*  J  f  I  tr>  n 

■  -w/  -  1 


(11) 


Nov^  it  has  been  shown  by  Xarnan'  arc  others  that  even 
if  the  effect  of  compressibility  en  the  local  speed  oi  sound 
and  the  local  pressure  is  taken  into  account,  HQr  still  may- 

fee  oxuresaod  as  a  function  of  A  p  is  the 

$ 

maximum  change  of  pressure  (in  v.n©  suction  sense)  on  the 
foil,  pr^riicted  bv  low-speed .■or-iflfi-QWpyeggi^ft,  Tlmxs:* 


Th.  v»  Karman,  ''Compressibility  Effects  in  Aerodynamics/' 
Jour 4  Aero,,  Sci*5  8: 337-56 5  July,  1951,, 


,i.U 


Thus 


(12) 


•  f^i!W>31|g0|ggg 


,A  P* 

=  M 

cr  cr  q 


-  f(Mcr> 


(13) 


Equation  (13)  is  plotted  in  "Summary  of  Airfoil  Data",  or 
rather,  ono  may  find  there  a  plot  of  &  versus  M  , 


where, 


3  =  1 


(1*0 


Equation  (13)  is  true  for  any  airfoil,,  Now  a  given  airfoil 
will  have  a  given  pressure  distribution  at  a  given  angle 
of  attach,  hence  one  may  plot  M  as  a  function  of 
(the  low-speed  lift  coefficient).  There  are  many  3uch  plots 
in  "Summary  of  Airfoil  Data",,  Prom  those  plots  and  equation 

(  1  "5  ^  ,.r« i  mnw  hftT ra  A  p  as  n  -Pnnr>f.1  nn  rvT  f*r»T*  niinppnns 


(13)  we  may  have 
different  foils. 


as  a  function  of  Cj  for  numerous 
We  may  further  obtain  the  critical 


cavitation  index  and  the  critical  cavitating  speed  for  these 
foils  by  the  following  means „ 

Remember  that  by  definition  at  the  cavitation  limit* 


•Ap  *-qf (Kcr) 


(15) 


From  equation  (15)  it  follows  (again  by  definition)  that, 

i  QC  r  ..  G  r 


c  s 

LJ  cr 


TOT  ) 

'  cr' 


(16) 


(I7) 


and. 


V  ^  2  n  T  ’j 

¥„-»  “*  M  -t  >£,  "  .f/M  \  VJ> 


H^)  V 


Note  that  the  curves  of  M  versus  in  "Summary  of 
Airfoil  Data”  have  been  computed  from  theoretical  ( low-speed ) 
pressure  distributions,  but  that  these  theoretically  calcu-’ 
bated  pressure  distributions  are  generally  quite  accurate „ 

The  above  treatment  is  of  necessity  somewhat  sketchy „ 
However,  the  essential  point  is  simple  and  should  not  be 
obscured  by  the  semblance  of  difficulty  which  the  reference 
to  compressibility  effects  may  tend  to  generate,  The  essential 
point  is  this.  There  are  in  "Summary  of  Airfoil  Data”  nu¬ 
merous  curves  showing  M  as  a  function  of  low-speed  lift 
coefficient,  C ^  for  various  foil  sections.  These  may  be 
converted  into  curves  of 

(&  p/q)  versus  by  means  of  equation  (13),  which  appears 
in  modified  form  in  the  same  NAG  A  report,,  These  last  curves 
in  turn  may  be  converted  into  curves  showing  Ccr  and  V 
versus  by  means  of  equations  (16)  and  (17). 


E «  Theoxv.'tic_aL  jasL. 

Figure  2  shews  sons  theoretical  curves  converted  from 
the  "Summary  of  Airfoil  Data”  (KACA  Report  824),  Those 
curves  show  critical  cavitation  speed  versus  lift  coeffi¬ 
cient  for  symmetrical  6-serias  foils  of  various  thickness 
ratios c  Note  the  difference  in  behavior  between  the  thicker 
foils  and  the  thin  foils,.  Fortunately,  the  characteristics 


l 


1 


of  the  thicker  foils  are  more  suited  to  our  purposes. 

The  6-series  foils,  by  the  way,  have  the  most,  uniform 
pressure  distribution  of  the  more  or  less  standard  NACA 
foils,  but  the  newly  originated  l6~serics  has  even  superior 
characteristics* 

5 

Certain  experimental  results  from  Cannon  and  NACA 
are  show,  in  Figure  3>  These  results  indicate  that  even 
for  cambered  foils  of  special  type  0 cr  will  not  much  ex¬ 
ceed  0*3  at  the  higher  angles  of  attack  (or  higher  lift 
coeffs,).,  The  actual  limiting  load  for  Q  ~  0.*3  may  bo 
found  by  the  following  calculation*  For  a.  depth  of  about 
fifteen  feet, 

pcr  5  po  ~  pv  "  pa  *c'h  ~  pv  h.  +  ^  ®  3000^/ft2 
Honce  for  (J cr  »  0«?  the  critical  loading  is, 

(Lift/Area)  *  o.,3  x  3000  S’  lOOQtf/ft2  -  1/2  ton/ft2 

wb 

This  is  the  origin  for  our  figure  of  1/2  ten/ft2  cavitation 
loading* 

It  is  true  that  further  lift  can  bo  obtained  even  after 
cavitation  begins,  but  if  this  process  is  carried  very  far 
the  center  of  pressure  will  be  seriously  shifted,  as  men¬ 
tioned  before,  and  the  law  of  diminishing  returns  will  begin 

to  exercise  Itself* 


Cannon,  op*  citM  NACA  Wartime  Reports  L-766  and  J>758 


,  »* 


* 


f.  Pltox.  w.aYA.^a  tocoy  foPOXax 


After  the  best  symmetrical  section  has  been  found ,  it 
is  clear  from  the  various  references  that  further  improve¬ 
ment  at  a  given  angle  of  attack  nay  be  had  by  the  use  of 
conber,  Unfortunately,  a  variable  angle  of  attack  requires 
a  correspondingly  variable  camber.  .  It.  Is  S3  yet  a  moot 
point  whether  or  not  a  variable  flap  could  simulate  variable 
camber  satisfactorily  from  the  cavitation  point  of  viev. 

By  analogy  to  compressibility  treatments,  sweepbaek: 
and  boundary  layer  control  right  also  be  useful,  but  ho re 
again  the  question  5s  as  yet  moot. 
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Ao  JfeB8£&& 

All  the  previous  comments  have  applied  most  exactly 

to  so-called  steady  motion*  in  which  the  fin  moves  at  a 

constant  velocity  and  a  constant  angle  of  attack.,  If  the 

,  fin  is  undergoing  unsteady  motion  (e*g,  has  an  oscillating 

angle  of  attack)  certain  higher  order  terms  appear  in  the 

lift  and  moment  equations*  There  la  by  now  an  extensive 

/ 

literature  on  this  subject t°  The  host  discussion  of  what 

7 

these  terms  mean  physically  is  perhaps  Karmn  and  dears  „ 
The  theory  of  the  P-dimersional  One  empress  J.ble) 
case  may  be  found  in  many  sources.,  beginning  with  Glauert 
and  ending  with  Theodorsen*  All  those  authors  arrive  at 
strictly  comparable  results*  but  presented  in  more  or  less 
convenient  form*  Theodor sen ls  results  are  about  the  most 
usable-/ 

The  theory  of  the  2 '“dimensional  case  has  boon  quite 

o 

thoroughly  verified  by  the  experimental  work  of  Held'  and 
o  fchers „ 


B<*  Retainer*  Dull.,  Aner„  Math..,  doc.,.  55; 82 5-50  (19^9) 
gives  a  rather  complete  resume  of  the  mathematical 
theory  and  the  literature* 

7 

T,  V*  Kai'iian  and  w*  R*  Soars.  Jour*  Ae ro«  Sc.tr.  5: 
379-90  (1938) 

®  To  Theodor *ten,  MCA  Tech*  Report  4-96  (1935) 

^  S„  0,  Reid,,  "Experiments  on  the  Lift  of  Airfoils  in 
Non-Unlfom  Motion."  Final  report  torAir  Corp 
Material  Division  (Contr*  W535-ae-l8l62).  July  23.  19!+2 


The  theory  of  the  3-dimensional  cftse  (incompressible) 
Is  treated  at  length  (with  tables  of  the  appropriate  func¬ 
tions)  in  Biot  and  Boehnlein^0 

We  have  not  as  yet  been  able  to  find  a  definitive  ex¬ 
perimental  verification  of  the  3 -dimensional  results,  but 
they  do  not  differ  markedly  from  the  2-dimensional  results 
and  hence  are  verified  indirectly  by  Reid’s  work* 

In  either  case,  the  of  the  lift  and  moment  equa¬ 
tions  depends  on  the  choice  of  axis  of  rotation,  and  the 
principal  argument  of  the  equations  is  the  so-called  re- 

4ag.g5U,.y.a.q^osx» 


where, 


reduced 


frequency  =  k 


(18) 


< a  *  frequency  of  oscillation  in  radians/second 
b  »  l/2-chord  in  feet 
V  *  velocity  in  feet/socond 


b„ 

If  we  arbitrarily  take  our  axis  of  rotation  at  the 
l/V-ehord,  the  equations  for  section  lift  and  moment  reduce 
to  the  following  transfer  function  forau 

p  .  2 

&  =  2 ir&f )  2b  [C  +  (2C  +  1)(|^)  *  (^)  3  (19) 


M«  A*  Biot  find  C,  T,  Boehnlein,  " Aerodynamic  Theory 
of  the  Oscillating  Wing  of  Finite  Span,"  QALCIT 
Report  No*  5  (Flutter  Project),  Sept*  X9,+2* 


)b2  [  0  +  2(j£)  +  |(^)2] 
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i  *  2ir(^f )  2b  (p^  (2PilR-I)(^)  +  (&)2  }  (21) 
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Where  C  ,  ,  and  QAR  are  complex  functions  of  &  0  But  P 

and  are  also  functions  of  aspect  ratio  such  that.,. 


pO0  ~  ci«<3  85 


.(23) 


Hence  the  2^dimensional  and.  3-dlmensional  equations  above 
are  compatible  in  the  limit  (AH  * 

Tables  of  C  ?  P  +  3G-  are  given  in  Theodorsenj  and 
tablca  of  PAH  «•  J  Oju,  and  QAfl  S  Iiffl  *  JJ^, 

are  given  in  Biot  and  Boehnlein,  for  various  aspect  ratios „ 


c  -  ,Y.g.Qlgr,...TMQg.\y.  nOalatJ-y?  J4£fc 

If ,  in  either  case,  we  define  the  quantity  inside  the 
brackets  as  I/L  -  relative  lift  or  M/M  -  relative  moment,, 
then  we  have  a  comparison  between  the  lift  (or  moment)  of 
the  given  foil  at  a  given  frequency  and  the  lift  (or 
moment)  of  a  2  “dimensional  foil  at  .zero  frequency,.  Figure  h 
shows  L/L0  plotted  as  a  vector  locus  (In  terras  of  the  argu*> 
ment  &)  for  AH  =©&  and  AR  »  5„  Notice  that  the  effect  of 
finite  aspect  ratio  is  to  remove  the  lagging  kink  in  the 


_____  .  . 
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vector  locus,  In  fact,  the  locus  for  AR  =  5  can  be 
closely  approximated  by  a  quadratic  In  If,  a 3  shown  in  Fig- 
ure  5*  For  AR  =  5  it  Is  clear  that  the  lift,  if  anything, 
tends  to  the  angle  of  attack,  much,  depends  of 

course  on  £  0 

Typical  values  of  £  might  be  as  follows  tl  Let  e  »  4-  ft,, 
then  b  *  c/2  a  2  ft.  Let  V  =  30  ft/sac ond „  Then, 

ks5Vt  =  ft  =  2!§*2$+ 

Now  at  f  =  0,5  cycle/second  5  x  (ship "3  natural  freq,, } 
k  *  0,2 

Referring  this  value  to  Figure  h  it  appears  that  the  fre¬ 
quency  effects  in  the  lift  equation,  while  noticabie,  will 
not  produce  drastic  changes. 

The  frequency  effects  in  the  moment  equation  will  be 
much  more  important,  because  the  moment  would  otherwise  be 
zero  or  nearly  zeroc  To  make  the  moment  squat  Jon  complete 
we  should  increase  the  coefficient  of  its  inertia  term  to 
take  account  of  the  fin’s  own  (metal)  inertia t  the  term 
shown  in  equations  (20)  and  (22)  is  only  the  so-called 
11  induced”  inertia.  Calculation  indicates  that  (for  numbers 
as  above)  the  self -inertia  will  probably  be  less  than  ono/half 
the  induced  inertia. 

Assume  that  the  moment  equation  is  corrected  for  aelf« 
inertia.  Assume  further  that  the  axis  of  rotation  for  the 


finite  aspect  ratio  foil  is  adjusted  to  be  zero  at  k  =  0  0 
Then  at  k  =  0,1  (f  -  0o5  using  b  «  2  ft  and  V  *  30  ft/3ee) 
it  appears  that  the  moment  due  to  angular  velocity  is  about 
ten  times  the  moment  due  to  static  angle  or  to  angular 
acceleration#  This  indicates  that  the  angular  acceleration 
loading  will  not  bo  very  important  (for  design  chords  and 
speeds  similar  to  those  mentioned),,  The  static  angle  loade 
lng  also  will  be  generally  smaller  than  the  angular  velocity 
loading,  perhaps  gaining  importance  at  the  higher  speeds 
where  the  static  term  is  accentuated  (by  the  change  of 
and  where  cavitation  may  shift  the  center  of  pressure. 


VI,  CONCLUSIONS 


In  this  memorandum,  we  have  discussed  a  number  of 
physical  phenomena  which  affect  the  dynamic  behavior  of 
fins,  At  the  moment  it  appears  that  a  knowledge  of  these 
phenomena,  plus,  a  knowledge  of  classic,  aerodynamic  theory 
for  steady  motion.,  a  knowledge  of  structural  require'- 

menus,  will,  constitute  a  reasonable  working  basis  upon 
v/hich  bo  begin  the  design  of  fins,- 

V/e  have  considered  four  arbitrary  categories  of  of  foots: 
(1)  The  velocity  effect;  (?.)  The  free -surf ace  effect* 
i'3)  Cavitation  effects:  and  (U)  Unsteady  motion  effects „ 

Of  these,,  the  last  two  are  the  most  critical,  but  each  has 
important  and  obvious  implications  concerning  the  design  of 
fins  and/or  positioning  motors „  In  subsequent  memoranda 
wo  will  discuss  some  of  the  relations  between  the  body  of 
knowledge  mentioned  above  and  practical  fin  and  positioning 
motor  design  * 
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